Abstract: Enzymes from thermophilic and hyper-thermophilic organisms have an intrinsic high stability. Understanding the mechanisms behind their high stability will be important knowledge for the engineering of novel enzymes with high stability. Lysine methylation of proteins is prevalent in Sulfolobus, a genus of hyperthermophilic and acidophilic archaea. Both unspecific and temperature dependent lysine methylations are seen, but the significance of this post-translational modification has not been investigated. Here, we test the effect of eliminating in vivo lysine methylation on the stability of an esterase (EstA). The enzyme was purified from the native host S. islandicus as well as expressed as a recombinant protein in E. coli, a mesophilic host that does not code for any machinery for in vivo lysine methylation. We find that lysine mono methylation indeed has a positive effect on the stability of EstA, but the effect is small. The effect of the lysine methylation on protein stability is secondary to that of protein expression in E. coli, as the E. coli recombinant enzyme is compromised both on stability and activity. We conclude that these differences are not attributed to any covalent difference between the protein expressed in hyperthermophilic versus mesophilic hosts.
Introduction
High stability and activity are key requirements for enzymes in most industrial applications.
1,2 Extremophilic organisms are natural reservoirs for enzymes with high stability, and many enzymes with high stability characterized from extremophiles show potential as biocatalysts in industrial processes. [2] [3] [4] [5] Proteins isolated from (hyper)thermophilic organisms show increased thermostability, which is a result of an evolutionary optimization of the dynamics and interactions within the protein. [6] [7] [8] [9] In addition, it has been found that posttranslational modifications may alter the stability of hyperthermophilic proteins.
organic solvents, rendering it a good candidate for industrial use. Because protein production from the native host is expensive and cumbersome due to the extreme growth conditions, enzyme production in well-established mesophilic expression organisms, such as E. coli, is more attractive. 14, 15 It was, however, reported that the catalytic activity of EstA purified from the native host has a half-life of 16 hours at 908C whereas the half life of the activity of the same protein recombinantly expressed in E. coli was reduced by 32-fold. 13 Moreover, the EstA protein expressed in E.
coli was more sensitive to organic solvents than the EstA enzyme expressed in the hyperthermophilic host. It was suggested that the increased stability of the native EstA (expressed in S. islandicus) could be the result of post-translational modifications which are not present in the protein expressed in E. coli. Mono methylation of the E-amino group of lysine is extensive and sequence unspecific in Sulfolobus and other archaea. 10, [16] [17] [18] [19] Sul7d is a DNA binding protein from Sulfolobus solfataricus, which undergoes lysine methylation, and it was found that the extent of the methylation correlated with the growth temperature of the archaeon. 10 In addition, in vitro methylation of the Mini-chromosome maintenance protein from Sulfolobus that was recombinantly expressed in E. coli resulted in increased stability and activity relative to the non-methylated protein.
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Lysine methylation of b-Glycosidase from S. solfataricus also showed a stabilizing effect. 12 Recently, a lysine methyl transferase, called aKMT 20 or aKMT4 21 , has been characterized in S. islandicus. aKMT4 is a homologue of the eukaryotic Dot1 histone methyltransferases, 22, 23 but lacks the domain that gives Dot1 its substrate specificity. 24, 25 Consequently, aKMT4 has a broad substrate specificity. 21 Chu et al. showed that deleting the gene for aKMT4 in S. islandicus significantly reduced the level of methylated lysine, but only moderately impaired the growth of S. islandiscus. 26 The identification of aKMT4 opens an opportunity for investigating the role of lysine methylation on the stability of proteins from creanarchaeal archaea independent of mesophilic expression systems. In this work, we aimed at understanding the different stability observed for EstA expressed in E. coli and in S. islandicus. Our initial hypothesis was that the lysine methylation occurring in S. islandicus could confer stability to the protein.
We therefore expressed and purified EstA with exactly the same sequence from wild-type S. islandicus, S. islandicus(Dakmt), and E. coli, which in the following are termed SiEstA, SiEstAD m K and EcEstA respectively. All three variants were characterized with respect to covalent modifications, enzyme kinetic activity and thermal stability. We found a large difference in the enzymatic activity and thermal stability between EstA expressed in E. coli and in S. islandicus. In contrast, there was only a minimal difference in the properties of EstA from the two S. islandicus strains. Our results show that the methylation of lysine only has a small influence on the stability of EstA, and that the difference in both activity and stability must be a result of noncovalent interactions stabilizing the wildtype enzyme from S. islandicus.
Results
A pET32a based vector (p32a-estA) for expression of EstA in E. coli as a 50 kDa fusion protein with an N-terminal thioredoxin (TrxA) and an S-tag has previously been constructed. 13 Proteolytic cleavage of this construct with enterokinase resulted in a form of EstA that was different at both the N-and the Ctermini from the EstA expressed from the pSe-estA vector in S. islandicus. In the present work, a new vector was constructed for the expression of an EstA protein in E. coli with exactly the same sequence as the EstA expressed in S. islandicus, and this eliminated any difference between primary structure of the proteins purified from S. islandicus and E. coli. The sequence coding for EstA in the expression vectors resembles that of wild-type EstA (Uniprot: F0NDQ1) with the addition of a C-terminal extension with the sequence Ala 3 His 6 . The wildtype enzyme (SiEstA) was purified from the genetic host S. islandicus REY15A E233S 27 while its unmethylated form (SiEstAD m K) was purified from S. islandicus Dakmt, carrying a knockout of the gene SiRe_1449 coding for the lysine methyl transferase. 26 Finally, E. coli SHuffleT7 that is engineered for improved disulphide bond formation was used for the expression of EcEstA. Analysis of protein samples of all three EstA variants gave rise to a single band of the predicted size (35 kDa) in SDS-PAGE [ Fig. 1(A) ]. Size exclusion chromatography showed similar retention volumes for all EstA variants with an estimated size slightly above 75 kDa, indicating that EstA formed a dimer in solution in all three samples.
Covalent characterization
To identify any post-translational modifications, we characterized the covalent structure of the different variants of EstA. As S. islandicus is able to monomethylate the E-amino group of lysine residues we used amino acid analysis to quantify the amount of mono-methylated Lys in SiEstA (Table I) . On average 0.4 of the 14 Lys-residues in SiEstA are monomethylated. Mass spectrometry confirmed the presence of methyl groups on SiEstA [ Fig. 1(B) ]. In addition to a peak with a mass corresponding to unmethylated EstA (34,366.6 Da), additional peaks (34,381.0 and 34,395.3 Da) were observed in the deconvoluted mass spectrum [ Fig. 1(B) ]. The mass differences of 14.4 and 28.7 Da of these peaks compared to the main peak correspond to the addition of one and two methyl groups, respectively. A minor component corresponding to the addition of three methyl groups was also observed at low intensity. Fig. 1(B) ], which is further supported by a proteomics study of methylation in S. islandicus where no methylated peptides from EstA were found in protein isolated from S. islandicus Dakmt.
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EstA has three Cys residues in the sequence. Using Ellman's reagent we found 0.8 6 0.1 free Cys residues in EstA from both S. islandicus and E. coli. The redox state of the Cys residues was also analysed by SDS-PAGE in the absence and presence of DTT [ Fig. 1(C) ]. Under reducing conditions the protein migrated slightly longer than under non-reducing conditions. EstA purified from E. coli migrated exactly the same as when purified from S. islandicus. These results suggest that EstA forms an intramolecular (red) and EcEstA (blue). Far-UV (top) and near-UV spectra (bottom) were recorded at pH 7.4 and 258C. The far-UV spectra were recorded at approximately 0.2 mg/mL EstA in a 1 mm cuvette and the near UV spectra at approximately 7 mg/mL EstA in a 10 mm cuvette. The measured signal was normalized to the concentration and plotted as the molar ellipticity disulphide bond. Since the protein migrated as a monomer under non-reducing conditions in SDS-PAGE the EstA dimer is unlikely to be linked by a disulphide bond. This observation is also supported by the structure of a homologue esterase from S. tokodaii, which has 73% sequence identity to EstA, including the three Cys. 28 In the structure of the S. tokodaii esterase two of the Cys engage in an intramolecular disulphide and none of the Cys are solvent exposed. In addition, the Cys are located far from the dimer interface.
To assess if there are any differences in the noncovalent structure we compared both near-and far-UV CD spectra of EcEstA and SiEstA [ Fig. 1(D) ]. The spectra are almost identical demonstrating that there are no differences in the secondary structure (near-UV CD) or in the environment of the aromatic residues (far-UV CD).
Enzymatic activity
Following the previous report about the difference in temperature optimum for catalysing the hydrolysis of phenyl esters we compared the temperatureactivity profiles of the EstA variants. In contrast to the previous report on EstA, 13 the temperature optima of all the variants were approximately 758C [ Fig. 2(A) ], which is close to the optimal growth temperature of S. islandicus at 808C. At all temperatures the measured activity of EcEstA, however, was about half of those measured for the EstA variants expressed in S. islandicus.
To compare the catalytic characteristics of the three EstA variants we complemented the temperature-activity profiles with a Michaelis-Menten analysis of the substrate dependence of the catalytic activity. The analysis was performed at 408C as the kinetic assay at this temperature can be performed a in 96-well plate format, which is considerably simpler to handle experimentally than the assays carried out in single cuvettes at elevated temperatures. p-nitrophenylhexanoate is present as an emulsion which is stable to a concentration of 1 mM. The substrate starts precipitating above 1 mM and it was therefore not possible to reach substrate saturation. This limitation reduces the accuracy of the enzyme kinetic parameters that can be extracted, but the difference in the enzymatic activity is still clear. The two variants of EstA expressed in S. islandicus have almost the same k cat of (192 6 6)310 2 s 21 and (229 6 7)310 2 s
21
, respectively, which was around the double of k cat for EstA expressed in E. coli (100 6 2) 310 2 s 21 [ Fig. 2(B) ].
Thermostability of EstA
Attempts to measure the thermodynamic stability of EstA using chemical denaturants failed as the protein aggregated under all tested unfolding conditions, which made the folding irreversible. Temperature unfolding of EstA was not possible either as the unfolding transition occurs above 958C both for the protein expressed in E. coli and in S. islandicus. However, incubation of EstA at 908C led to loss of enzymatic activity [ Fig. 2(C-D) ]. We therefore used the half-life of the catalytic activity after incubation at 908C as a measure of the thermostability of EstA. In phosphate buffer at pH 7 the half-life of the different EstA preparations were 33.9 min for SiEstA, 31.4 min for SiEstAD m K and 26.5 min for EcEstA. Although small, the differences were statistical significant (ANOVA, p < 0.05). Including 25 mM N-lauroylsarcosine (sarkosyl) during the incubation at 908C, amplified the differences. N-lauroylsarcosine is an anion surfactant that was present in the activity assay to emulsify the p-nitrohexanoate. The half-life of the activity of SiEstA increased slightly to 36.3 min while it was reduced to only 10.5 min for EcEstA [ Fig. 2(D) ]. In N-lauroylsarcosine, the half-life of SiEstAD m K was slightly reduced relative to SiEstA. Native-PAGE analysis of the esterase under these conditions showed changes in the electrophoretic mobility for EcEstA occurring much faster than for SiEstA (Fig. 3) . Whereas the methylation state of EstA only has a slight effect on the thermostability, the effect of the expression host is much more pronounced.
The difference in the mass from ESI-MS of EcEstA and SiEstAD m K is only 1.5 Da. Still there is a significant difference in enzymatic activity and thermostability. Very few possible modifications give rise to mass differences below 2 Da. Deamidation (mass 11 Da), formation of allysine from lysine (mass 21 Da) and amidation of the C-terminus (mass 21 Da) are potential candidates, which all result in changes in the net-charge. A possible explanation could be that the protein expressed in S. islandicus at 758C had one of these modifications. We therefore analysed the EstA preparations by anion exchange chromatography and isoelectric focusing to identify any difference in the net charge of the protein. The chromatograms from the anion exchange showed that the major fraction of EstA eluted at the same concentration of NaCl for all three variants [ Fig. 4(A) ]. SiEstA and to some extent SiEstAD m K have additional peaks eluting at higher concentrations of NaCl. This heterogeneity of the protein purified from S. islandicus was also seen in IEF-PAGE [ Fig. 4(B) ]. Measuring the activity and thermal stability of EstA in main peaks eluting from the anion exchange column resulted in the same halflife of the activity as seen before. Thus, although there were clear differences in both the elution profile from the anion exchange column and in the IEF-PAGE profiles, the fractions of SiEstA that eluted at the same NaCl concentration as EcEstA still had a longer halflife of the catalytic activity. Thus, there were no apparent change in net-charge of EstA variants with different thermostability and catalytic activity. We therefore find that deamidation, amidation of the Cterminus or formation of allysine are unlikely to be the reasons for the different behaviour.
Discussion
The thermostability of EstA depends on the organism in which it is expressed. Such behaviour is well known for proteins that become post-translationally modified. 29 In particular glycosylations are known to increase the kinetic stability and lower the aggregation propensity. 30 Our initial hypothesis about the poor stability of EstA expressed in E. coil reported previously 13 was therefore that the native EstA was post-translationally modified, and that the lack of this modification would destabilize the protein.
Expression of identical constructs of EstA in E. coli and S. islandicus shows that the EstA expressed in E. coli is indeed lacking post-translational methylation of lysine residues. These modifications were recently found in a proteomic analysis of aKMT4 targets in S. islandicus and shown to occur on four lysines (K8, K21, K50, and K138). 26 In agreement with our observation that on average only 0.4 lysine residue are methylated per EstA molecule, the modification of the four lysine residues were incomplete. 26 Comparing
SiEstA and EcEstA, the only covalent difference we found is that lysine residues in SiEstA are methylated. Using S. islandicus(Dakmt) as expression host also resulted in EstA that was unmethylated and the covalent structure of this variant of EstA is identical to that of EstA expressed in E. coli. It is therefore puzzling that the catalytic activity and the thermal stability of the two unmethylated variants of EstA differ. Indeed, EstA expressed in and purified from the two different strains of S. islandicus have much more similar properties. One explanation for this behaviour is that some unidentified co-factor(s) only present in S. islandicus could have stabilized the native EstA protein. Indeed, P. abyssi ACTase expressed in E. coli is much less thermostable than when the protein is expressed in P. abyssi. 31 It was shown that the P.
abyssi ACTase is stabilized by interactions to other proteins, substrates and phosphate. 32 We therefore tested if EstA purified from E. coli could gain (some of) the thermal stability that SiEstA possesses by incubating EcEstA with S. islandicus lysate. After purification from the lysate EcEstA retained its reduced stability (data not shown). However, there could still be some compound (co-factor) that is only produced when cells are growing. We have not been able to detect any such co-factor in the SiEstA preparations but some compound that do not stain with Coomassie Blue or absorb light may have escaped detection. We have shown that the stability difference was amplified by incubation of the protein in the detergent N-lauroylsarcosine, which acts as a denaturant [ Fig. 4(D) ]. This behaviour suggests that the stabilizing effect is stronger towards a chemical denaturant than towards temperature and may lead to the speculation that the stabilizing factor, whatever it might be, interacts with N-lauroylsarcosine.
Our results show that the effect of lysine methylations on protein stability, at least for EstA, is small, whereas some other unknown effector(s) derived from the expression host could have a more important role in maintaining protein stability. First of all, these observations demonstrate that proteins from hyperthermophilic organisms may advantageously be expressed in a hyperthermophilic organism. Whether the factor responsible for the increased stability of EstA could also have an effect on a mesophilic protein could in principle be investigated by expression of the protein in S. islandicus. However, such an experiment has to our knowledge not been conducted so far and may be complicated by the fact that the melting temperatures of most mesophilic proteins are below the growth temperature of S. islandicus. The mesophilic proteins may thus not fold properly when expressed in the hyperthermophilic organism.
The observation that lysine methylation only has a minor effect on EstA stability adds to the speculation about the physiological role of lysine methylation. 33 The most prevalent hypothesis is that lysine methylation increases the protein stability, and is in part based on the difference in stability of a b-glucosidase from S. solfataricus purified from the natural source and the protein recombinantly expressed in E. coli. 12 It is not known if the underlying reason for the increased stability of this b-glucosidase is the same as for the increased EstA stability, but it will be of interest to determine if the stabilizing effect we observe on EstA is general or specific to EstA.
Materials and Methods

Sulfolobus strains, growth condition, and transformation
Sulfolobus strains were propagated in a salt and vitamin base medium 34 supplemented with 0.2% (w/ v) vitamin free casamino acids (Difco Vitamin Assay, BD), 0.125% yeast extract (CVy*) and 0.02% (w/v) sucrose as the carbon source (SCVy*). To attain a 
E. Coli vector modification
Based on a previous vector (p32a-estA) for expression of EstA in E. coli as a 50 kDa fusion protein with an N-terminal thioredoxin (TrxA), 13 a new vector construct for the expression of EstA in E. coli. with the exact same sequence as the EstA expressed in S. islandicus was prepared by deleting a leading Ala-Met-Ala sequence and a tailing Leu-Glu in the histidine linker. EstA expressed in E. coli is called EcEstA.
Expression and purification
SiEstA and SiEstAD m K were purified from 1 litre cultures of S. islandicus and S. islandicus(Dakmt), respectively, grown at 758C in ACVy* until OD 600 0.8. The cells were harvested by centrifugation at 12,000 rpm for 10 minutes at room temperature (centrifuge 5810R, Eppendorf AG, Hamburg).
EcEstA was purified from 2 L E. coli SHuffle T7 grown at 308C in LB medium supplemented with 100 mg/mL of ampicillin and 10 mg/mL chloramphenicol. Protein expression was induced by 1 mM of Isopropyl b-D-1-thiogalactopyranoside (IPTG) at OD 600 0.8 and allowed to proceed for 2 hours. The E. coli cells were harvested by centrifugation at 12,000 rpm for 10 minutes at 48C (centrifuge 5810R, Eppendorf AG, Hamburg).
Both S. islandicus and E. coli cells were resuspended in 50 mM Na-phosphate, 150 mM NaCl, 20 mM imidazole, pH 7.8 supplemented with 1 mg/mL DNaseI. The cells were lysed by three passes through a French press at 1500 psi. The cell extract was clarified by centrifugation at 12,000 rpm for 20 minutes (centrifuge 5810R, Eppendorf AG, Hamburg) at room temperature or 48C. The E. coli supernatant was additionally heat precipitated in Falcon Tubes in a water bath at 708C for 10 minutes, followed by an additional clarification, as above. Supernatants was filtered by 0.2 mm before chromatography.
The proteins were purified by IMAC using a HisTrap HP 1 mL column (GE Healthcare Life Science) with a 20-500 mM imidazole gradient in pH 7.4, 1.37 mM NaCl, 27 mM KCl, 100 mM NaH 2 PO 4 , 18 mM KH 2 PO 4 . The main peak, at approximately 200 mM imidazole, was collected before buffer exchange to 50 mM potassium phosphate, pH 7.4. SDS-PAGE was used to determine the purity of the final EstA samples. Enzyme concentration was estimated by measuring absorbance at 280 nm with an extinction coefficient 31,900 M 21 cm 21 and a mass of 34.5 kDa.
Native PAGE analysis
Six percent of Native PAGE was used to analyse heat treated enzyme. 50 mg/mL enzyme in 50 mM potassium phosphate, pH 7.4 and 25 mM sarkosyl, were incubated at 908C for up to 1 hour while shaking. The heat treatment was quenched by dilution, 1:10, with the same buffer at room temperature. Ten microliter or 50 ng enzyme were loaded to the native PAGE. The gel was stained with Coomassie Blue.
Size exclusion chromatography analysis
Hundred microliter of purified EstA were run at 750 ml/min in 50 mM sodium phosphate, 150 mM NaCl, pH 7.8 on a Superdex 200 10/300 GL. As a standard of molecular mass 100 ml of the following proteins were used: Ribonuclease A 1.5 mg/mL, Ovalbumin 2 mg/mL, and Conalbumin 2 mg/mL.
Amino acid analysis
The amino acid composition of EstA was analysed using the method of Barkholt and Jensen. 36 Briefly, 1 mg protein was hydrolysed in 100 ml 6 M HCl, 0.05% phenol, 0.05% 3,3 0 -dithiodipropionic acid at 1108C for 24 hours. A sample of N-methyl-L-lyine was treated the same way and used for indentification and quantification of N-methyl-L-lyine in the protein samples. The analyses were run as a paid service at the Technical University of Denmark.
Quantification of free cysteines
The amount of free Cys was quantified with 5,5 0 -dithiobis-(2-nitrobenzoic acid) (DTNB or Ellman's reagent). Five microliter of 10 mM DTNB was added to 100 lL 20 lM EstA in 0.1 M, Na-phosphate, 1 mM EDTA, 6 M GuHCl, pH 8.0. The reaction was left for 25 min and the amount of formed 2-nitro-5-thiobenzoate was quantified by absorbance at 412 nm. The amount of protein in the assay was quantified by absorbance at 280 nm prior to addition of DTNB. Each sample was measured in triplicate.
Mass spectrometry
LC-MS was performed using a NanoAQUITY UPLC setup coupled to an ESI Synapt G2 Q-TOF mass spectrometer (Waters, Miliford, USA). Protein samples (50 pmol) were loaded onto the UPLC system, then trapped and desalted on a C4 trap column (ACQUITY UPLC Protein BEH C4 VanGuard Pre-column, 300 Å , 1.7 mm, 2.1 mm 3 5 mm column, Waters, Miliford, USA) for 3 min at 40 mL/min of 99% of mobile phase A (0.23% Formic Acid). Isocratic elution from the C4 column into the mass spectrometer was performed at a flow-rate of 40 mL/min of 95% mobile phase B (acetonitrile, 0.23% formic Acid). Mass spectra were acquired in positive ionization mode over an m/z range of 50-2000 and a scan time of 1 second. Each sample was run in duplicate. The acquired mass spectra were deconvoluted using the MaxEnt1 algorithm of MassLynx (Waters, Miliford, USA). The three charge states with the highest intensity were used to estimate the average Full Width at Half Maximum. The deconvolution resolution was set to 0.1 Da.
Circular dichroism spectroscopy
Far-and near-UV spectra of the esterases in 50 mM potassium phosphate, pH 7. 4 at 258C were recorded with a resolution of 0.2 nm on a Jasco spectropolometer J-810 equipped with a PTC-423s peltier element.
Esterase activity assay
Esterase activity was determined as the rate of hydrolysis of p-nitrophenyl esters by following the formation of p-nitrophenolate by the change in absorbance at 410 nm. The activity was assayed in 50 mM sodium phosphate, 25 mM N-lauroylsarcosine (sarkosyl), 10% (v/v) 2-propanol, pH 7.0 with 20 ng/mL EstA. The substrate was 1 mM p-nitrophenyl hexanoate. The change in absorbance was measured with an Infinite M200 (Tecan Trading AG, Switzerland) plate reader at 408C except for the temperature-activity profile which was measured in a Jasco spectropolarimeter J-810 with PTC-423s peltier element.
Isoelectric focusing analysis
Isoelectric focusing analysis was made with pH 3-10 Criterion IEF TM Gel (BIO-RAD Laboratories), and IEF Anode and Cathode and loading buffers (BIO-RAD Laboratories). 125-200 mg/mL enzyme were used and the analysis was made following the recommendation from the manufacture. The enzyme was visualized by Bio-Rad Silver stain (BIO-RAD Laboratories) by following the recommended protocol.
Anion exchange chromatography
A MonoQ HR 5/5 column was used for anion exchange chromatography in 50 mM bis-tris, pH 6.5 with a gradient from 0 to 500 mM NaCl. Elution made by a shallow gradient, 0.5%/min.
